Vibrio parahaemolyticus has been recognized as the causal agent of early mortality syndrome and is currently considered an emerging shrimp disease causing losses of millions in the aquaculture industry. Integral membrane proteins are widely recognized as pathogenicity factors involved in essential mechanisms for V. parahaemolyticus infection, which makes them attractive as therapeutic targets. However, their physico-chemical properties and weak expression has resulted in underrepresentation of these proteins in conventional bottom-up proteomics, making integral membrane proteomics a challenging task. Integral membrane proteins from a bacterial strain isolated from the hepatopancreases of white shrimp with early mortality syndrome and identified by 16S rRNA sequencing as V. parahaemolyticus and an ATCC strain that is pathogenic for humans were obtained by a sequential extraction method and subjected to relative quantification and identification by isobaric Tags for Relative and Absolute Quantitation. A homology database search resulted in identification of more than two hundred proteins, 35 of which are recognized as pathogenic factors showed statistically significant differential accumulation between the strains. These proteins are mainly associated with adherence, secretion systems, cell division, transport, lysogenization, movement and virulence. Identification of pathogenicity-related proteins in V. parahaemolyticus provides valuable information for developing strategies based on molecular mechanisms that inhibit these proteins, which may be useful therapeutic targets for assisting the shrimp and aquaculture industry.
orally and invades the gastrointestinal tract, secreting toxins that cause tissue devastation and damage the shrimp hepatopancreas. Thus far, there are no records of infection of human cells with this V. parahaemolyticus strain, which was recently identified by our workgroup by means of 16S rRNA amplification-sequencing.
V. parahaemolyticus is commonly detected in estuarine sediment and marine environments, plankton and suspended particles and is a pathogen for clams, squids, crabs and oysters, but predominantly white shrimp (Litopenaeus vannamei), adhering to the chitin surfaces of shrimp and proliferating as a result of the high availability of nutrients (5) . A gram-negative bacterium, V. parahaemolyticus has a double membrane arrangement in contrast to the single membrane of grampositive bacteria. It is structurally integrated by a plasma membrane, periplasmic space, peptidoglycan and an outer membrane containing integral and peripheral proteins (6) . Cellular membranes play a key role in cell function and survival by spatially confining biochemical processes and defining cell borders. They also function as important receptors, channels, transporters and enzymes that are responsible for signal transduction, regulatory processes, cell adhesion to the extracellular matrix and cell-environment interactions (7) .
Several integral membrane proteins are widely recognized as pathogenicity factors that mediate adhesion to and invasion of host cells, allowing V. parahaemolyticus infection. The roles played by integral membrane proteins make them attractive as therapeutic targets. In fact, almost half the drugs approved for humans target this type of protein (8) . Additionally, the development of therapeutic antibodies against surface plasma membrane proteins has increased interest in the study of such proteins. However, our knowledge of the structure, function and expression dynamics of these proteins is still limited, mostly because of their adverse physicochemical properties. The amphipathy and weak expression of integral membrane proteins make them difficult to solubilize, making membrane proteomics a challenging task. These types of protein are underrepresented in conventional bottom-up proteomics, which generally favor soluble, abundant and easy-todigest proteins (9) . By inferring differences between likely invasion models between V. parahaemolyticus strain ATCC17802 pathogen for humans and the strain isolated from infected white shrimp hepatopancreas on the basis of the presence and relative abundance of recognized pathogenicity factors, the aim of this study was to isolate integral membrane proteins from both strains and perform identification and relative quantification by iTRAQ.
MATERIALS AND METHODS
Isolation, culture and detection of virulence of V. parahaemolyticus strains V. parahaemolyticus strain 17802 was obtained from the ATCC collection (Manassas, VA, USA), whereas a bacterial strain that causes EMS was isolated from infected white shrimp hepatopancreas and identified by 16S rRNA sequence amplification-sequencing as V. parahaemolyticus (Supplementary files 1-2 ). Strains were cultured for 24 hr at 36°C in LB broth with 3% salt. After incubation, cells were recovered by centrifugation, washed twice in PBS and the resultant pellets stored at À70°C for further analysis.
Virulence of strains was evaluated by PCR detection of plasmid VPA3-1, particularly the pirB-like gene fragment (which encodes a PirB toxin-like protein harbored by this plasmid), which determines if a strain is virulent for shrimp or not (Fw VpPirB-F 5 0 -ACTAGG-CAAGGCTCATAAATATGACG-3 0 and Rv VpPirB-R 5 0 -ATTGCTTCAGGTCCATTGGCAATAA-3 0 ) (10). The plasmid was not detected for strain 17802, whereas the strain isolated from infected shrimp was detected. Additionally, preliminary experimental tests on shrimp demonstrated that strain 17802 does not cause the disease.
Integral membrane protein extraction and quantification
A membrane extraction kit was used for protein sequential extraction (ProteoPrep; Sigma-Aldrich, St. Louis, MO, USA). Soluble cytoplasmic proteins were extracted first, followed by loosely-bound membrane proteins and finally integral membrane proteins. Three biological replicates for each strain were processed induplicate. Protein was quantified by a Bradford assay (Bio-Rad, Hercules, CA, USA) using BSA as standard. Proteins were resolved in 10% SDS-PAGE in a MiniProtean-III Apparatus (Bio-Rad) under reducing-denaturing conditions.
Membrane protein digestion and iTRAQ labeling
Integral membrane proteins (100 mg) for every biological replicate of each strain were subjected to reduction, alkylation and in-solution digestion with trypsin (Trypsin Gold; Promega, Madison, WI, USA) at a 1:30 (w/w) trypsin:protein ratio, for 16 hr at 37°C. After digestion, peptides were labeled with iTRAQ four-plex reagents according to the manufacturer's instructions (AB-Sciex; Foster City, CA, USA). The present study included three biological replicates distributed in two Pathogenic factors in V. parahaemolyticus four-plex runs, strain ATCC-17802 being labeled 114 and 115 and the strain isolated from shrimp hepatopancreas (Strain 22) 116 and 117. Labeled peptides were combined in one tube for each run (see experimental design, Fig. 1 ), and fractionated using strong cation exchange cartridges (Thermo-Scientific, Bellefonte, PA, USA), which resulted in three fractions based on sequential elution with 150, 250 and 500 mM of KCl. Thereafter, each fraction was desalted with C18 cartridges and dried under vacuum.
Liquid chromatography-tandem mass spectrometry
Samples were analyzed by nano-LC-MS/MS using an Orbitrap Fusoin Tribid mass spectrometer (ThermoFisher Scientific, San Jose, CA, USA) interfaced with an UltiMate 3000 RSLC system (Dionex, Sunnyvale, CA, USA), and set with an "EASY-Spray" nano ion source (Thermo-Fisher). Each reconstituted sample (5 mL) was loaded into a nanoviper C18 trap column (3 mm, 75 mm Â 2 cm, Dionex) at 3 mL/min flow rate, and separated on an EASY spray C18 RSLC column (2 mm, 75 mm Â 25 cm), using a 100 min gradient with a flow rate of 300 nL/min, and using 0.1% formic acid in LC-MS grade water (Solvent A) and 0.1% formic acid in 90% acetonitrile (Solvent B). The gradient was set as follows: Full MS scans in an Orbitrap analyzer were carried out with 120,000 of resolution (full width at half maximum), scan range 350-1500 m/z and 10 ppm mass tolerance. For MS2 analysis the 20 most abundant MS1 were isolated with charge states set to 2-7, a precursor selection mass range of 400-1200 m/z, precursor ion exclusion width range 5-18 m/z and isobaric tag loss iTRAQ. Detection was conducted in the ion trap. Afterwards, MS3 spectra were acquired as previously described (11) .
Raw data were processed with Proteome Discoverer 2.1 (Thermo-Fisher). The subsequent search was carried out in chorus with the Sequest-HT and the Mascot search engines against an in-house database containing the protein sequences of V. parahaemolyticus ATCC-17802 and those deduced from the genome sequencing of the strain isolated from infected white shrimp hepatopancreas. Search parameters included full-tryptic protease specificity and two missed cleavages. Fixed modifications included carbamidomethylation of cysteine and iTRAQ 4-plex N-terminal/lysine residues. Variable modifications comprised methionine oxidation and deamidation in asparagine/glutamine. The iTRAQ four-plex quantification method was carried out with PD software. At least two peptides, Sequest-HT and Mascot scores >4 and 20 respectively (indicating identity or extensive homology with p < 0.01) and the presence of the protein in the two iTRAQ runs were necessary for a confident identification. Proteins were considered as differentially accumulated when their normalized abundances displayed a fold change of 0.6 or !2. Significant changes were determined for every iTRAQ run using Student's t-test (P < 0.05).
Gene ontology analysis
Protein identifications were submitted to GO analysis using BLAST2GO v3.0.10 (12). The analysis was performed by searching (BLAST) the protein sequences obtained after a homology database search against the National Center for Biotechnology Information non redundant protein database, after which GO mapping was performed to obtain GOs for hits retrieved by the BLAST step and annotation obtained. Combined graphs of biological processes, molecular functions and cellular components of the proteins were obtained with the Make Combined Graph Tool.
RESULTS

Sequential protein extraction and protein identification
Soluble cytoplasmic and loosely-bound membrane proteins (Supplementary file 3), as well as integral membrane proteins (Fig. 2) , were extracted and separated by SDS-PAGE. iTRAQ analysis allowed the significant identification of 245 integral membrane proteins with at least two peptides after homology database searching against the V. parahaemolyticus protein database (Supplementary file 4) .
Functional annotation and relative quantification by iTRAQ
Identified proteins were functionally annotated using BLAST2GO according to the cellular location, molecular function and biological processes (Fig. 3) . Thirty five of the integral membrane proteins identified were related to different biological processes involved in the pathogenicity system of V. parahaemolyticus and were found to have differentially accumulated between the two strains ( Table 1 , Supplementary files 5, 6 and 7). These proteins were grouped into seven different categories of biological processes in which they are implicated (Table 1) .
Proteins related to adherence
Adhesion allows attachment of a pathogen to host cells; this process is carried out by several membrane proteins. Seven membrane proteins of V. parahaemolyticus associated with adhesion were identified in this trial: OmpA, lipoprotein OmpA_C-like, OmpA precursor, OmpA family protein, MSHA biogenesis protein-MshI, Pilus (MSHA-type) biogenesis protein-MshL (Supplementary file 4). Interestingly, the latter two were differentially accumulated in both strains, being increased by >five-fold in the pathogenic strain (Table 1 , Supplementary file 5), which may contribute to the rapid and successful spread of the pathogen from host to host. MSHA biogenesis protein MshI has been described as an adhesion factor in Vibrio cholerae and is important for colonization of soft shell turtle intestine (13) , whereas Pilus (MSHA-type) biogenesis protein belongs to a group of proteins associated with MSHA, which constitute the secretin of MSHA-system pilus (14) .
Secretion systems
Secretion systems are constructed immediately after interactions between adhesins and receptors of the host cell. The function of secretion systems is to inject effectors into the host cell's cytosol in order to take advantage of its cellular machinery. Secretion systems Type-3-1 (T3SS1), Type-3-2 (T3SS2), Type-6-1 and Type-6-2 have previously been detected in diverse V. parahaemolyticus strains (15) . Six proteins associated with secretion systems Types 1, 2 and 6 were identified (Supplementary file 4): Type-I secretion system permease/ATPase, Type-I secretion outer membrane protein, TolC family, Type-II secretion system protein-GspD, Type-II secretion system (T2SS) pilotin, Type II secretion system protein G, S protein, Type-VI secretion protein and Hcp1 family Type-VI secretion system effector. Relative quantification analysis revealed that only proteins of secretory systems Types 1 and 2 were differentially accumulated (Table 1) .
Type-I secretion outer membrane protein, TolC family, participates in secretion of Type I proteins; this protein being an ABC transporter system for secretion of proteins without cleavage of a signal sequence, although it can, like TolC, participate in the flow of smaller molecules (16) . Type-I secretion system permease/ ATPase was also detected, a protein that some gramnegative bacteria use to export proteins (often proteases) through both internal and external membranes to the extracellular medium. Type-II secretion system (T2SS) pilotin S protein, which drives secretion of fully folded protein substrates across the outer bacterial membrane, and Type-II secretion system protein-GspD, which is involved in the general Type-2 secretion pathway within gram-negative bacteria, a signal-sequence dependent process responsible of protein exportation (17, 18) , were also differentially accumu-lated.
Cell division
Seven proteins were associated with the cell division process (60 kDa chaperonin, ZipA, protease-FtsA, FtsH, FtsZ, chaperone HtpG and rod shape-determining protein), six of them being differentially accumulated between the strains analyzed ( Table 1) . These proteins have not previously been recorded for V. parahaemolyticus, but have been in other Vibrio species. For example, ZipA, a protein anchored in the membrane, is one of the nine proteins necessary for assembly of the septal ring that mediates cell division (19) . Protease-FtsH, a zinc AAAþ metalloprotease that degrades substrates in the plasma membrane, has been detected in Vibrio furnissii and there is evidence that it participates in cell division processes and ATP binding and has metallo-endopeptidase activity (20) . In addition, rod shape-determining protein MreB-Mrl, which has been described in Bacillus subtilis, has been demonstrated to contribute to determining the shape of the cell and is also associated with the cell division process (21) .
In contrast, proteins like 60 kDa chaperonin, protease FtsA and chaperone HtpG were down regulated in the pathogenic strain. FtsA has a structural role in assembly of the Z ring and serves as a membrane anchor for it. Regarding 60 kDa chaperonin, this protein has been detected in several Vibrio species (22) . This molecule prevents misfolding and promotes refolding and assembly of proteins unfolded under stress conditions, whereas chaperone protein HtpG is a protein refolding molecular co-chaperone that has also been detected in some Vibrio species (23). 
Transport
Bacterial transport proteins mediate passive and active transport of small solutes through the membranes for the supply of external nutrients and elimination of undesirable compounds. It is not surprising that 30 of the proteins identified in this study were associated with transport across the membrane (Supplementary file 4) , resulting in 13 of them being differentially accumulated (Table 1) . Transport proteins that showed differential accumulation included anaerobic C4-dicarboxylate transporterDcuC, which participates in the succinate flow system during anaerobic fermentation of glucose (24); efflux RND-transporter periplasmic adaptor subunit, which carries factors of resistance, nodulation and cell division (25) ; long-chain fatty acid transporter, which drives mobilization of long chain fatty acids, either outside or inside the cell, or between cells (26); MFS transporter, which facilitates transport of ions, sugar phosphates, drugs, neurotransmitters, nucleosides, amino acids and peptides (27) ; multidrug efflux RNDtransporter permease subunit, which is responsible for transporting cadmium, zinc and cobalt (28); and multidrug transporter-AcrB, which cooperates with a membrane fusion protein, AcrA, and a TolC outer membrane channel (29) .
Other differentially accumulated transporters include ABC transporter permease, which is a transmembrane subunit ABC that is dependent on periplasmic binding protein, and preprotein translocase subunit SecA and protein translocase subunit SecD, which interact with the conductive channel of the pre-protein SecYEG and are coupled to both proton transport and export of proteins (30, 31) . Finally, PTS-glucose transporter subunit-IIBC, PTS-trehalose transporter subunit-IIBC, which is specific for glucose transport, and the signal recognition particle protein responsible for mediating transport through the plasma membrane in bacteria and the endoplasmic reticulum in eukaryotes (32, 33) were also differentially accumulated.
Lysogenization
Lysogenization provides the host cell with a number of new characteristics, including changes in colonial morphology, inhibition or potentiation of enzymatic activities, resistance to antibiotics and changes in pathogenic properties such as production of toxins (34) . Four differential proteins are known to participate in lysogenization of phylogenetically related bacteria (Table 1) . Lysogenization protein-HflD, which plays a role as a negative regulator of lambda phage lysogenesis, and protease modulator-HflC, which together with the HflK modulator protease and the regulator of protease activity-HflC (HflKC complex) control the lysis frequency of lambda phage (30) .
Movement
Movement is required for pathogenicity of some bacteria, including V. parahaemolyticus. In this study, nine proteins associated with motility were identified, only three of which were differentially accumulated (Table 1) : a chemotaxis protein, flagellar M-ring proteinFliF, a fundamental component of the M ring in the basal bacterial flagellar body that is hypothesized to transmit torque rotation of the motor to the filament (35), and flagellin, a subunit protein that polymerizes to form flagellar filaments.
Virulence factors
Virulence factors allow bacteria such as V. parahaemolyticus to invade host cells, causing disease in marine organisms. Differentially accumulated virulence factors, including adhesins, flagellar proteins, chemotaxis proteins and secretion systems, have been already discussed in previous sections. However, additional factors not classified in the previous categories were also differentially accumulated. For example, the outer membrane protein assembly BamB, which participates in assembly and insertion of beta-barrel proteins in the outer membrane (36) , and uroporphyrin-III methyltransferase, which is responsible for regulating the activity of NAD(P)H: glutamyl-tRNA reductase (HemA) in the tetrapyrrole biosynthetic pathway (37) .
DISCUSSION
Different adhesins specific for each target cell can be detected depending on the strain; in addition, these strains frequently acquire virulence factors, producing pathogenicity in cells and organisms that were previously immune to these bacteria (38) . This may explain why non-pathogenic bacteria can suddenly cause epizootics in the aquaculture sector. On the other hand, detection of MSHA but not of secretion systems T3SS1 and T3SS2, which are strongly associated with the infection process (15) , suggests that we did not fully succeed in extracting these two types of proteins, probably because they were present in such small amounts or sub-expressed under the culture conditions used.
The greater abundance of secretion system proteins in the strain isolated from shrimp undergoing EMS (except Type II secretion system protein G) suggests that, apart from containing plasmid VPA3-1, the EMS-causing V.
parahaemolyticus strain probably more strongly accumulates proteins associated with virulence and other functions. These systems are activated through quorumsensing, which causes signal transduction cascades. These proteins have not been fully described for V. parahaemolyticus; however, considering that they are conserved factors with similar characteristics within the genus Vibrio, their participation in secretion of toxins and degrading enzymes, such as proteases and lipases can be inferred (39) , particularly in the pathogenic strain.
The cell division-related proteins that resulted in differential accumulation between the analyzed strains are well recognized as regulators of bacterial cell division; however, is not clear whether the pathogenic strain is more capable of reproduction than strain 17802 or the culture conditions favored overexpression of these proteins. A recent study found no significant differences in growth rate of different V. parahaemolyticus strains, including wild, pathogenic-confirmed and pVA1 plasmid-cured specimens (40) . The differential accumulation of 60 kDa chaperonin and chaperon protein HtpG may not be enough to draw definite conclusions about their roles in each strains, given that regulation of these types of proteins is highly sensitive to stressors.
Several RND efflux transporters in V. parahaemolyticus reportedly participate in both intrinsic drug resistance and virulence mechanisms (41) (42) (43) ; however, we found none of these to be differentially accumulated between the studied strains. Cloning and characterization of more than 10 RND efflux transporters from V. parahaemolyticus in a drug hyper-susceptible Escherichia coli strain expressing either VmeCD, VmeEF, or VmeYZ showed increased minimum inhibitory concentrations for several antimicrobial agents. An additional four RND type transporters functioned as efflux pumps only when co-expressed with VpoC, an outer membrane component in V. parahaemolyticus (42) . Because there is little information about other transport proteins of V. parahaemolyticus, the results suggest the same transport mechanisms for both strains. It is not clear if the plasmid acquired by the pathogenic strain has any regulatory effect on other functions; however there are some reports of plasmids modulating cellular responses (44, 45) . Such hypotheses have yet to be tested.
These findings indicate that V. parahaemolyticus is capable of acquiring and integrating plasmids into its genome, and may suggest that the pathogenic strain has a greater capacity for lysogenization. For example, overexpression of HflKC complex stabilizes CII (key tetrameric transcription factor for lysogenic establishment) in vivo in E. coli, causing an increase in lysogenic frequency (46) . There is little information regarding the flagellar system of pathogenic V. parahaemolyticus strain; however, it is considered a virulence determinant in this species (47) ; for example, mutagenized flagellin causes significant loss of virulence in Vibrio anguillarum (48) . It is unclear if differential expression of these types of proteins has biological implications regarding a bacterium's performance. It is also unclear whether acquisition of plasmid VPA3-1 (or others) or other genetic differences can cause differential expression of virulence factor between strains. What is clear is that the strains respond differently under the same culture conditions. In summary V. parahaemolyticus strains have different amounts of integral membrane proteins that are recognized as pathogenic factors. The greater abundance of these proteins in EMS-causing strains may explain the rapid colonization and shrimp (and other taxa) infection by this pathogen. This information may be useful for developing strategies based on molecular mechanisms that focus on inhibition of the proteins that may serve as therapeutic targets for assisting the shrimp and aquaculture industry.
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